Quantitative adsorption structure determinations on quasicrystals are scarce because most techniques for measuring surface structures are not well suited to the complex and infinite unit cells of quasicrystals. The normal incidence standing x-ray wave field technique presents a solution to these problems because it can be made inherently surface sensitive and does not involve extensive computational effort. We describe a method for applying this technique to adsorbates on quasicrystals, with specific application to a submonolayer of Si atoms on a decagonal Al-Co-Ni surface. We demonstrate the sensitivity of the technique to both adsorption site and geometry, leading to the conclusion that the Si atoms, which form 6-atom pentagonal clusters, have an average height of 1.77 ± 0.05 Å above pentagonal hollow sites, with a significant height variation among the Si atoms in the cluster. In particular, the central Si atom sits more deeply than the five surrounding Si atoms, which are, on average, 2.7 Å away from the central Si atom. Although this study was performed on a decagonal quasicrystal that is periodic perpendicular to the surface, we describe how the technique can be applied to cases where that is not true.
Introduction
Quasicrystals are crystalline materials that have aperiodic order rather than the periodic order associated with most crystals. This aperiodic order leads to intriguing physical properties [1, 2] . Although many of the well-studied quasicrystals are metal alloys, they have low electrical and thermal conductivity. They also have unusual surface properties, such as unusually low coefficients of friction and low surface energies. Because of these unusual properties, there has been an interest in the growth of quasicrystalline arrays or films on the surfaces of quasicrystals, particularly those comprising a single element.
Many examples of films or arrays having some degree of quasicrystalline order have been identified, but despite the intense study for the past 25 years, few quantitative structures have been determined. The probable reason for this paucity of structural information is that the most quantitative surface structural techniques are ill suited to investigate aperiodic structures. However, many of the special properties attributed to Low-energy electron diffraction (LEED) is the most widely exploited surface structural technique for obtaining quantitative information related to adsorption geometry. It requires computationally demanding multiple-scattering calculations that grow rapidly with increasing size of the surface unit mesh. Although advances in computers have steadily increased the complexity of surface structures solved using LEED, quasicrystals pose an exceptional challenge because their unit cells are infinite. This requires the use of approximations, such as replacing individual atoms with average distributions [11] [12] [13] [14] or using structure models for true periodic structures (quasicrystal approximants) that have local features similar to those in the quasicrystal [15] [16] [17] . The former approach suffers from lack of specific information about the positions of the atoms in the crystal, while the latter suffers from a limitation on the feasible size of the approximant model, which is about 65 atoms per layer in the largest approximant used so far [17] . To date, just one example of a thin film grown on a quasicrystal, that of a Cu film on the 5-fold symmetric surface of icosahedral Al-Pd-Mn, has been structurally characterized with LEED [16] ; this was performed using the second analysis technique described above. Surface x-ray diffraction (SXRD) has the advantage, relative to LEED, of not requiring extensive multiple-scattering calculations, and the formalism for analyzing the crystal truncation rods for an aperiodic structure has been derived and applied to the 5-fold surface of icosahedral Al-Pd-Mn [18] . This analysis was applied only to the specular truncation rod; as a consequence it was sensitive only to the average composition and relaxation of the surface layers, and not to the atomic structure within the layers or their lateral registry. To our knowledge, this is the only quantitative SXRD study of a quasicrystal surface, and there are no examples of the application of SXRD to adsorption on a quasicrystal. Medium-energy ion scattering (MEIS) has also been applied to obtain similar information on the relaxation and composition of the same Al-Pd-Mn surface [19] . In addition, it has been used to investigate the growth of Cu [20] , Bi [21] and Fe [22] films and Au-Al alloy formation [23] on the same surface, although it has not yet been possible to obtain adsorbate geometries from MEIS studies. Similarly, X-ray photoelectron diffraction has been used to obtain information on the surface terminations of the clean surfaces of quasicrystals [24] [25] [26] [27] [28] , but the technique is not well-suited to the study of adsorbates on quasicrystals [28] .
Normal-incidence x-ray standing wavefield (NISXW) is a technique aimed specifically at the quantitative study of adsorbate geometries. The general SXW method requires highly-perfect crystalline samples, but the NIXSW variant can be applied to study the structures of adsorbates on surfaces of crystals that may possess some degree of mosaicity, such as most metal single crystals [29, 30] . We have recently demonstrated that quantitative structural information can be obtained for adsorbed clusters on a quasicrystalline surface using NISXW [31] . Here we provide a more detailed description of this work and of the general methodology of NIXSW applied to quasicrystals.
Relative to conventional x-ray diffraction (XRD), XSW methods have the special advantage that they provide a partial solution to the 'phase problem'. Specifically, in XRD it is straightforward to determine the intensities of a large number of diffraction beams, from which one can determine their amplitude, but not their phase; as a consequence, one cannot access directly the real-space structure by a simple Fourier transformation of the experimental data. A range of methods has been developed to circumvent this problem in X-ray crystallography. In XSW, by contrast, one is only able to probe one diffraction condition in each experiment, but the information that emerges directly is both the amplitude and the phase of a single Fourier component of the structure. X-ray absorption of a single elemental species is monitored in the standing wave. In the vocabulary of XSW, each experiment at a single diffraction condition measures two parameters, the coherent fraction (CF) and the coherent position (CP).
These correspond to the amplitude and phase of this single Fourier component of the structural location of the atomic species whose x-ray absorption is measured. On crystalline surfaces, NIXSW measurements allow one to determine the absolute location of adsorbate atoms relative to the underlying atomic scattering planes by measuring the spacing (equal to the CP value for a single layer spacing) of these atoms from two or more (non-parallel) sets of scattering planes. On a surface having 3-fold or higher symmetry, just two such measurements allow complete triangulation of the absorber site.
In quasicrystals, the existence of x-ray diffracted beams means that x-ray standing waves must be formed, and this has been demonstrated both theoretically [32, 33] and experimentally [34] [35] [36] . These previous studies show that the distribution of the atoms in the quasicrystal relative to the standing wave (i.e. perpendicular to the associated scattering planes) is not random, but is grouped into limited ranges of relative position, so that NIXSW measurements of absorption at the different elemental species within the material yield non-zero values of the CF, and the results can cast light on the issue of whether or not the crystals studied have evidence of centrosymmetry [37] .
A fundamental problem in such a study is that the standing wave that is established in the bulk quasicrystal has no simple and unique phase relationship to the atoms in the surface layer; this would at first seem to render the technique useless, but in fact it only leads to some loss of precision. A second problem for the 10-fold decagonal surface studied here is the complexity of the structure: specifically, the crystal has symmetry [38, 39] , which has overall 5-fold symmetry in the plane of the (00001) surface studied here. This structure yields 10-fold symmetric diffracted beam intensities, but the associated structure factors can be no more than 5-fold symmetric. This precludes the identification of single CP and CF values using a single value of the structure factor. Nevertheless, we show how measurements of NIXSW absorption profiles can be used to determine the adsorbate locations relative to the underlying quasicrystal surface using the same general trial-and-error modeling approach that characterizes other surface structural methods.
The specific system studied here is Si adsorption on the 10-fold surface of decagonal Al 72 Co 17 Ni 11 , the Co-rich modification of the decagonal quasicrystal, which has the 5D space group symmetry [38, 39] , and an atomic arrangement with the symmetry of a pentagonal prism. Thus, this quasicrystal structure consists of groups of aperiodic 5-fold symmetric layers stacked in a periodic arrangement. The periodicity is described by a repeated unit comprising four alternating flat and buckled layers of atoms, with the
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buckling consistent with an inversion center located within a flat plane [40] [41] [42] . An earlier LEED study of the (00001) surface of this quasicrystal found that the surface is terminated by a buckled layer [43] . The average interlayer spacings of the surface layers were found to be the same as for the bulk structure. Here, we show that NIXSW measurements from the truly periodic scattering planes parallel to the surface allow us to determine the average height of adsorbed Si atoms above the underlying surface in a standard fashion, as for a fully crystalline material. In order to determine the preferred lateral positions of the Si atoms on the surface, however, we must exploit standing waves set up in directions for which the layer spacings are aperiodic. The interpretation of these measurements led us to develop a different method for analyzing NIXSW profiles, in which we simulate profiles from model structures instead of directly fitting the profiles with single values of CP and CF.
Experimental Details
The experimental procedures were described in our earlier paper [31] . Briefly, the surface of the Al 72 Co 17 Ni 11 (00001) quasicrystal sample, originally grown at Ames Laboratory using the melt decantation method [44] , was cleaned by 750 eV Ar + ion bombardment, followed by annealing at 800°C (for more than 30 hours), resulting in the expected 10-fold symmetric LEED pattern. NIXSW measurements were recorded from the surface with an estimated coverage of ~0.2 ML of Si, deposited from a Knudsen cell, with the sample at room temperature. This is the same preparation procedure as in the STM study of this system [7] , and was reproduced in order to ensure that the results of this earlier characterization of the surface may be expected to be relevant to our investigation. Figure 1 shows LEED patterns and XPS spectra as a function of dosing time. The earlier study [7] identified the disappearance of the LEED spots (at about 120 s in this experiment) with a coverage of 0.75, as determined by STM and Auger electron spectroscopy. Since the STM thresholding method for coverage measurement tends to overestimate submonolayer coverages, we estimate that a 40 s dose in our experiments corresponds to a coverage of ~0.2 ML, where 1ML corresponds to one complete layer. The NIXSW experiments were performed using beamline 4.2 of the Daresbury Laboratory's Synchrotron Radiation Source. This beamline was fitted with double crystal (InSb(111)) monochromator and a surface science end-chamber. A concentric hemispherical analyzer (at 40° to the incident photon beam in the horizontal plane) was used to measure the photoelectron energy spectra. The X-ray absorption at the adsorbed Si atoms was monitored by measuring the intensity of the Si 1s photoemission, while the intensity of the electron emission background at a slightly higher energy provided a measure of the variation of the bulk absorption through the NIXSW photon energy scans.
This background NIXSW profile was used to provide the absolute energy reference for analysis of the Si NIXSW absorption profiles.
The NIXSW data using normal incidence to the (truly periodic) (00004) scatterer planes parallel to the surface (at a nominal photon energy of 3053 eV), provided a measure of the Si adsorbate positions perpendicular to the surface. Following the general methodology used in studies of crystalline surfaces, additional NIXSW measurements were recorded using a scattering plane tilted relative to the surface, in order to gain information on the lateral position of the Si atoms on the surface. Specifically, NIXSW was recorded from a set of quasicrystalline scattering planes inclined at 60.4° to the surface with an average interlayer spacing of 2.03 Å, leading to a closely similar nominal Bragg energy of 3060 eV. This use of NIXSW data using scattering from the planes parallel to the surface, and from one set of planes that are canted relative to the surface, is sufficient to fully triangulate the location of absorber atoms on a crystalline surface with more than two-fold rotational symmetry, as has been shown in many applications of the method [29, 30] .
Results
To analyze the results of the NIXSW measurements from this quasicrystal, we have made Co-Ni quasicrystal [42, 45] . In this model structure, no distinction is made between Co and Ni atoms due to their similar scattering properties, and therefore we refer to these collectively as transition metal (TM) atoms. The interplanar distances and angles differ slightly for the quasicrystal and the 200 Å model (and also for the 'W model' -see section 4). The relevant parameters are given in Table 1 . Our NIXSW experiment was performed using just one azimuthal direction that must belong to either azimuthal group A or azimuthal group B, but it is not possible to tell which on the basis of our LEED pattern (nor would it be possible from a similar x-ray diffraction pattern), since the intensities are the same for both sets of reflections. It is also not possible to distinguish these directions from NIXSW measurements of absorption in the bulk of the crystal, as described in Section 3.2. However, the analysis procedure that we have developed here does allow this distinction to be made. 
NIXSW from the periodic planes parallel to the surface
Relative to the unit cell of the model, the NIXSW measurement exploiting the periodic scattering planes parallel to the surface corresponds to the (004) reflection; in the 5-index scheme used for the quasicrystal, it is the (00004) reflection. The experimental NIXSW profiles obtained from these scattering planes at both the adsorbed Si atoms (as monitored by the intensity of the Si 1s photoemission) and in the bulk (obtained from the intensity of inelastically-scattered electron background at an energy a few eV above the Si 1s peak), as a function of the photon energy that is scanned through the (00004) reflection condition, is shown in Figure 3 . Also shown are theoretical fits to the data using the standard procedure used in earlier studies of periodic crystal surfaces [29, 30] .
Note that the use of the bulk absorption profile to provide the absolute energy reference requires that the bulk structure, relative to the NIXSW scattering planes, is known, as is the case in the present system. The known structure strongly constrains acceptable values of CP (but not CF) in the fitting of the bulk profile. The substrate absorption signal shows a good signal-to-noise level and a profile characteristic of most absorbing atoms lying on the scattering planes. Specifically, background measurements (both above the Si 1s peak, but also at other energies close to Al, Ni and Co Auger electron emission peaks) gave a CP value of 0.05 ± 0.03, the precision being based on the scatter of five separate measurements; this is slightly larger than the expected value of 0.00. NIXSW profiles recorded using these substrate Auger emission peaks yielded closely similar values. We therefore infer that the consistent offset is most probably due to a small systematic error arising in the calculation of the (004) structure factor in the (fully-periodic) structural model of the quasicrystalline bulk. The CF value found for these absorption profiles was 0.82 ± 0.05; this value is very slightly lower than is typical of an elemental crystalline solid, but to be expected here due to the buckling of the layers. Not surprisingly, the NIXSW profile from the much smaller number of adsorbed Si atoms shows substantially worse statistics (as seen in Figure 3 ), but can be fitted with a CP value of 0.13 ± 0.03 less than that found for the substrate absorption profiles. This fitting of the NIXSW absorption profile monitored by the Si 1s photoemission signal takes account of the quadrupolar backward-forward asymmetry of the photoemission signal (which renders the photoemission and true absorption profiles inequivalent) by inclusion of the asymmetry parameter Q, for which a value of 0.15 was taken from previous calibration experiments that were also found to be consistent with theoretical calculations [46] . The determined CP value indicates that the Si atoms have an average height above the outermost bulk-extended substrate layer in units of the periodicity of the scattering planes (2.04 Å) of (1.00 -0.13) = 0.87, giving a value of 1.77 ± 0.05 Å for this height. In the absence of any relaxation of the outermost substrate layer spacings, this value also corresponds to the true average height above the outermost substrate layer. The value of the CF found to fit the Si absorption profiles was 0.48 ± 0.05, significantly lower than that of the substrate; this suggests that there is a significant range of different heights occupied. The CP and CF values obtained in this analysis are summarized in Figure 3 . calculations for the (004) profiles from the model described at the beginning of Section 3.
NIXSW from the quasi-periodic planes inclined to the surface
NIXSW experiments conducted using scattering planes inclined to the surface allow one to determine the location of adsorbed atoms relative to these planes, and as the perpendicular to these planes has a component parallel to the surface, information on the lateral position of the atoms can be extracted. In order to maximize the signal we chose the planes, which have the second-highest scattering amplitudes for Al-Co-Ni, after the (00004) planes [47] . For the quasicrystal, there are 5 reflections that are symmetrically identical to those from the planes, all tilted 60.4° from (00004) planes and having an interlayer spacing of 2.02 Å (see Table 1 ) [42, 47] . This is the there is no true periodicity in this structure, the atoms are arranged such as to reflect an average 2.03 Å periodicity for these planes, as is seen rather clearly in Figure 4b . In the case of a periodic crystal surface, the lateral position of adsorbed atoms typically is determined relative to the same atom in the unit cell that is used as the reference site in the calculation of the structure factor for the associated Bragg reflection. Because this location is repeated periodically in the surface, it is only necessary to locate the lateral position within the surface unit mesh. On a quasicrystal surface, however, there is no such lateral periodicity, and this simplicity is lost. However, the same problem of a lack of true periodicity underlies any diffraction or standing wave creation in a quasicrystal, and it is well established that meaningful information can be extracted on the bulk structure of quasicrystals from these methods [32, [34] [35] [36] . We describe here how similar information may be extracted from NIXSW studies of the quasicrystal surface. In the standard NISXW analysis procedure, as used for the interpretation of the experimental data of Figure 3 , the theoretical profile calculated using a single structure factor is fitted to the experiment using two adjustable parameters, the CF and the CP.
These provide the key structural information, relative to the planes that pass through the reference point used to calculate the structure factor. This procedure, however, relies on the input of a single structure factor that is valid for all symmetrically equivalent directions of incidence, a situation that does not generally pertain in a study of a quasicrystal surface. In fact in the present case we have managed to identify a local 5-fold symmetry site that does lead to very closely similar structure factor values for each of the two groups of symmetrically-equivalent azimuths (see Figure 2 ). It would therefore be possible to extract CP and CF values corresponding to the two alternative azimuthal groups, one of which must correspond to the conditions of our experiment; these could therefore be compared with alternative structural models to try to find a self-consistent solution. In general, however, it appears that a reference site cannot be identified that leads to such closely-clustered structure factors (see Section 4). We therefore adopt an analysis approach that is more generally applicable. Specifically, in order to interpret the NIXSW data here we simulate each of the absorption profiles for particular adsorbate structure models, and then compare these simulations with the results of the experiment.
In effect, the relatively direct structure determination of the standard approach is replaced by a trial-and-error approach, which is the norm for most other surface structural techniques.
We first explore this model-dependent simulation approach to the NIXSW from the bulk crystal. This approach was also used by Jach et al. [34] to rationalize their study of bulk NIXSW in an experiment performed at normal incidence to the surface of a quasicrystal.
Here we simulated the bulk absorption that is to be expected for incidence in the two symmetrically-inequivalent azimuthal directions. An important result of the comparisons in Figure 5 is that the calculated profiles for the two azimuths are identical in spite of the different structure factor phases. At first sight this seems surprising, because NISXW is sensitive to the phase of the x-ray wavefield within the crystal, but the equivalence of the two NIXSW results simply indicates that the x-ray scattering is identical in phase as well as amplitude relative to the dense atomic absorber and scatterer planes, and not to the position of these planes relative to some arbitrary fixed reference point in the crystal. As a result the bulk standing wave measurements do not tell us which azimuth was measured in the experiment; it has been shown to be possible to resolve this distinction using multiple-beam x-ray diffraction [49] . In order to simulate the Si NIXSW absorption profile from these canted planes we must identify possible structural models for the adsorbed atoms. An earlier STM study of this surface appeared to show 6-atom pentagons of Si at a low Si coverage [7] , each consisting of a ring of 5 atoms plus a sixth one at the center. Pentagons having two azimuthal orientations, rotated by 36° relative to each other, were observed, and their spatial distribution was quasiperiodic, consistent with adsorption in specific sites.
Simulations of the Si NIXSW absorption profile were therefore performed for structural models comprising 6 The quasicrystal surface also contains a number of TM-or-Al-centered pentagons (see Fig. 4 ). However, for the small Si pentagons like those shown in the upper part of Fig. 6 , the average height of the Si will be too high for any orientation of the Si pentagon in such a site. We also note that most of the atom-centered pentagonal sites evident in Fig. 6 are too rare on the surface to account for the observed density of Si pentagons observed in STM images [7] . Although the distance between the outer Si atoms in the chosen clusters is about 3.0 Å, considerably smaller than the 4.2 Å derived from the STM images [7] , a similar discrepancy was noted for the STM measurements of 10-atom Pb pentagonal clusters on Al-Pd-Mn [6] and attributed to cluster distortion during scanning due to tipadatom forces. To summarize, the only combinations of Si pentagon and site that are consistent with the constraints given by the (00004) NISXW and the STM data are those shown in the red circles in Fig. 6 . However, we will demonstrate that even without these constraints, the NISXW from the canted planes allows us to distinguish the different sites with local 5-fold symmetry shown in Fig. 4 . Simulation of the NIXSW profiles expected from absorption by the Si atoms in these pentagons is straightforward, using the standard expression for absorption at a specific layer spacing of the absorber relative to the set of scatterer planes passing through the reference atom used to calculate the structure factors. This expression, modified to account for the fact that the NIXSW is detected by the Si 1s photoemission signal, which has a quadrupolar backward/forward asymmetry, is given, for example, by Lee et al. [46] .
Before presenting the results of these simulations for the Si pentagon models, however, we first present results that address a more general issue, namely does NIXSW from these canted reflection planes reflect the local self-similarity that characterizes the quasicrystalline state? As shown in Figure 9 the qualitative behavior of NISXW simulations for complete small-diameter RSU-USD and USD-RSU Si pentagons is similar to that of the center atoms alone, shown in Figure 7 ; specifically, the full self-similarity property is retained, although the sensitivity to the identity of the site and the azimuthal direction is reduced, presumably due to the introduction of the pentagon rim atoms that occupy lower symmetry sites. In Fig. 10 we return briefly to the question of whether we can distinguish the alternative Si atom located at the three alternative locally 5-fold symmetric sites shown in Fig. 4 adsorbed at that same layer spacing as for the RSU centers (c.f. Fig. 7 )
Finally, Figure 11 shows a comparison of the experimental NIXSW profile obtained from the Si 1s photoemission signal, recorded from the canted scatterer planes, with the results of simulations in each of the two azimuthal groups for the structural model based on equal occupancy of the small diameter USD-RSU and USD-RSU Si pentagons on the surface. In each of these pentagonal structures the Si atoms were first relaxed onto the rigid model of the surface to ensure Si-Al bond lengths close to 2.5 Å. Figure 11 shows quite good agreement between the experimental and simulated NIXSW profiles for both azimuthal groups, but both the exact energy of the peak and the modulation amplitude are significantly better for the simulations calculated for azimuthal group B. We therefore conclude that this structural model is consistent with the NIXSW data, that it is the only model we have identified that fulfills the requirements of reasonable bond lengths and occupation of locally-equivalent sites on this quasicrystal surface, and that the experiment was performed with incidence in one of the azimuthal group B directions. 
Use of approximant structures
While our investigation of the specific quasicrystal investigated here demonstrates the 
Discussion
So far we have focused on the specific results of the experiment we have performed on the Al 72 Co 17 Ni 11 surface, and the issues that arise when trying to extract structural information from NIXSW measurements performed using scattering planes with quasicrystalline periodicity, and for a complex structure. The lessons learned from this process, however, have wider implications.
As remarked in the introduction, it has already been demonstrated that x-ray standing waves are established in quasicrystals, associated with known diffraction conditions, and that measurements of the absorption in these standing waves by atoms in the bulk, both in total and in an element-specific fashion, do yield profiles that can be fitted using non-zero CF values [33] [34] [35] [36] . It has been shown that, even in a Fibonacci sequence of interlayer spacings, the atoms are not randomly located relative to the periodic diffraction planes, but are clustered in such a way as to be consistent with this observation [32] . Our own measurements of the substrate NIXSW profile using the scattering planes tilted by 60.4°
to the surface (Fig. 5) provide further confirmation of this fact. What had not been established previously is whether meaningful structural information can be obtained for atoms adsorbed on the surface. Although it might seem that this should follow from the observation of non-zero bulk CF profiles, the truth of this logical extension is not at all obvious.
Specifically, consider the normal case of a quasicrystal that lacks true periodicity in any direction (not the case in our experiment.) If the surface were perfectly (atomically) flat, one could conduct a NIXSW experiment using the aperiodic scattering planes parallel to the surface, and this would yield specific CP and CF values corresponding to the location of the adsorbate atoms perpendicular to the underlying quasicrystal. However, if the relationship between the location of any particular atomic plane to the phase of the standing waves is not known, one cannot transpose this information into a local adsorbate-substrate surface layer spacing. In any NIXSW experiment (be it from a periodic crystal or a quasicrystal) the phase of the standing wave is fixed by the location of atoms in the underlying bulk. At a periodic crystal surface, we expect that the actual position of the outermost substrate layer of atoms will lie very close to that expected from an extension of the underlying periodic layers. Small surface layer spacing relaxations can occur, and in special cases even reconstruction of the outermost layers may exist, but these can usually be understood through other experiments. For a periodic crystal, knowing the location of the adsorbate atoms relative to the extended bulk planes therefore provides exactly, or almost exactly, the spacings of these adsorbate atoms relative to the atoms of the outermost substrate layer.
On a quasicrystal surface, however, the location of the outermost substrate atomic layer relative to the extended bulk periodic scattering planes is unknown, and indeed is likely to differ on different surfaces (i.e., different terminations of the bulk structure) of the same material at the same orientation, because one does not know the exact sequence of outermost substrate layer spacings. Of course, even this (apparently fruitless) experiment is idealized. A real quasicrystal surface is unlikely to be perfectly atomically flat, and will include atomic steps, and thus terraces of different heights. This will lead to a distribution of the heights of the adsorbate atoms (on different terraces, with different underlying layer spacings) above the extended reference scattering planes of the underlying bulk.
However, the problem is not quite as serious as this discussion implies, because the ordering in quasicrystals is not random, nor is the terminating layer. It has been demonstrated earlier that the locations of planes represented by a Fibonacci sequence, relative to an average periodic structure, are not random, but lie in a range of values that are described by perfectly rectangular histograms [32, 51] . Thus, the structure can be described by a periodic unit cell, in which the scattering atoms are distributed primarily over a certain range of locations relative to the periodic scatterer planes. As pointed out previously [32, 51] , the description of the locations of the atomic planes by a range of values rather than discrete values has an effect in the diffraction analogous to the DebyeWaller attenuation due to thermal motion. We therefore expect the adsorbate NIXSW profile in such an experiment to be consistent with a finite CF value, and the associated CP value is limited in precision by the width of the histogram that describes the location of the Fibonacci planes. The width of this histogram of Fibonacci plane positions is [51] , where S is the length of the short segment in the sequence, or less than half of the average interplanar spacing (τ is the golden ratio (
).
In addition, it has been demonstrated that in icosahedral Al-based quasicrystals such as Al-Pd-Mn and Al-Cu-Fe, the terminating layers of the 5-f surface consist of closely spaced (~0.4 Å) pairs of planes in which the outer plane is 90-100% Al and the other plane is about 50% Al [52] . The fact that this bilayer is mostly Al and has a composite density near that of Al(111) gives it a low surface energy and thus favors it as a surface termination. Within the bulk quasicrystal, these bilayers are arranged self-similarly [53, 54] as described above, and therefore their positions relative to the bulk scattering planes fall within a relatively narrow range of values. The situation for planes tilted relative to the surface is similar. For "identical" sites on the surface (e.g. the centers of the pentagonal sites in our model structure), the positions of the atoms will fall at exactly the same location relative to the quasiperiodic planes, even if they are in different terminating layers. In our case of adatoms that are in different sites, we will have a distribution of positions relative to the planes, but this distribution reflects the structure of the model rather than the aperiodicity of the planes. If the standing waves used in the experiment have a wavelength close to the average interplanar spacing, then the precision of the experimental measurement will be defined by this same distribution. However, if the x-rays used in the experiment are tuned to a higher harmonic reciprocal lattice vector of the quasicrystal, then the precision can be increased significantly (by a factor of τ for each harmonic), because the histogram profile becomes narrower for higher momentum transfer [32, 51] . In principle, by measuring profiles for several harmonics in several directions, NISXW could be used to triangulate the positions of adsorbed atoms to an arbitrarily high precision, although experimental considerations of spectral resolution and absorption cross-sections will undoubtedly restrict the number of possible higher-order (higher energy) measurements. The generality of this approach depends on the availability of good structural models for the underlying quasicrystal.
Conclusions
We have demonstrated that the geometries of adsorbates on quasicrystalline surfaces can be determined using NISXW. For the structure studied here, and perhaps for complex structures in general, it requires the calculation of the standing wave profiles from a model structure, rather than the direct determination of CF and CP from the measured profiles. We have demonstrated this approach for Si atoms adsorbed on the (00001) surface of the decagonal Al-Co-Ni quasicrystal. This quasicrystal is periodic in the direction perpendicular to the surface, allowing the adsorption height to be obtained using conventional methods. However, the determination of the lateral location of the adsorbed atoms requires the use of the model calculations described above. The results are consistent with the formation of 6-atom pentagonal clusters of Si, which are found to
